Well controlled Hf oxide patterns have been grown on a flat Hf thin film surface produced by the dc magnetron sputtering method on Si and SiO x substrates. These patterns have been created by using the technique of semi-contact scanning probe lithography (SC-SPL). The thickness and width of the oxide patterns have been measured as a function of applied voltage, duration and relative humidity. There is a threshold voltage even at 87% humidity, due to insufficient energy required to start the oxide growth process for a measurable oxide protrusion. Electrical characterization was also performed via the I -V curves of Hf and HfO x structures, and the resistivity of HfO x was found to be 4.284 × 10 9 cm. In addition to the I -V curves, electric force microscopy and spreading surface resistance images of Hf and HfO x were obtained.
Introduction
Current microelectronics is based on silicon technology. However, silicon oxide has limitations in terms of electrical properties because of the actual physical scaling of microelectronic devices. The leakage current due to direct tunnelling degrades the circuit performance significantly, especially as the thickness of the silicon oxide layer becomes less than 3 nm [1] . An alternative is to replace the common dielectric material with higher dielectric (κ) materials, such as ZrO 2 , HfO 2 , Ta 2 O 5 , Y 2 O 3 and TiO 2 [2, 3] . It has been shown that HfO 2 , when grown on Si, has excellent properties which include a high dielectric constant (κ > 20), low leakage current, good thermal and chemical stability with negligible dispersion and excellent reliability [4] [5] [6] .
Patterning and fabrication of electronic devices at the nanometre scale are challenging. Common photolithography techniques are limited in resolution due to the interference effects inherent to the wave nature of UV light [7] . Therefore, SPM has recently received considerable attention as a promising tool for creating sub-100 nm structures for various applications such as single electron devices [8] .
There are several HfO 2 thin film growth techniques, such as electron-beam evaporation [9] , Hf reactive sputtering in O 2 atmosphere [4] , laser oxidation [10, 11] and scanning probe lithography (SPL) [12] . Among them, SPL allows nanoscale manipulations with high spatial resolution thus creating a controlled oxide pattern based on the electrochemical process between a conductive tip and the metallic surface under a bias voltage [13] . SPL is sometimes called local oxidation nanolithography (LON), scanning probe oxidation (SPO), nano-oxidation, local anodic oxidation (LAO) or AFM lithography [14] . It also has surface characterization advantages. Lo et al applied the anodic oxidation SPL method at relatively high voltages (20-50 V) on a hafnium oxide surface for silicon substrates [12] .
In this work, semi-contact scanning probe lithography (SC-SPL) has been used to create hafnium oxide (HfO x ) patterns on bare hafnium (Hf) thin films under voltages less than 10 V. There are several effective operating parameters such as strength of electric field, relative humidity, sample temperature and tip-surface distance. This study, however, focuses only on applied voltage (electric field strength), voltage duration and relative humidity. For SC-SPL operation, a conductive tip is kept at a negative potential with respect to the sample surface. The applied voltage creates an electric field with a strength of ∼10 9 V m −1 between the tip and the sample surface. That strength has sufficient energy to decompose water molecules into hydrogen (H + ) and hydroxide (OH − ) ions between the tip and the Hf surface. The negatively charged hydroxide ions are accelerated by the field to the surface of the hafnium film establishing the electrochemical oxidation process on the Hf film. The oxidation time, the magnitude of bias voltage and the relative humidity control the thickness and the protrusion width of the HfO x nanopatterns.
A schematic diagram of SPM LAO of Hf metallic layer on an Si substrate is shown in figure 1 . An adsorbed thin water layer, present at the surface, provides the required electrolyte for the electrochemical process under ambient conditions. The thickness of the water layer on the Hf surface can be controlled by relative humidity inside the SPM environmental chamber during the anodic oxidation process. When a negatively charged SPM tip is at a distance of approximately 10 nm from the Hf surface, decomposition of the water layer occurs due to the intense electric field (∼1 V nm −1 ) produced between the conductive SPM tip and the Hf surface. One of the possible tip-induced electrochemical reactions on the Hf surface can be described as according to the following chemical equation:
Experiment
Hf thin films with 65 nm thickness were deposited on n-type Si (1 0 0) by using the dc magnetron sputtering technique. For electrical characterization the Hf thin film was also deposited on a thermally oxidized SiO x (∼336 nm) layer on a Si wafer. During deposition, sputtering power was 30 W and base pressure was maintained at 2.2 × 10 −6 Torr. The substrate was located at a distance of 7.4 cm from the Hf target and was kept at 200
• C. Prior to the SPL oxidation process, the surface roughness (root-mean-square value) of the sputtered Hf metallic surface was measured to be approximately 0.125 nm over an area of 25 µm 2 . SPL anodic oxidation experiments were carried out by a commercial SPM (Solver P7, NT-MDT, Russia). All SPL oxidation processes were performed under ambient conditions at 24
• C under four different relative humidities: 54%, 64%, 75% and 87%. During the process, a positive bias was applied to the sample while the tip was grounded. A triangular diamond like carbon (DLC) coated conductive tip (made by NT-MDT) with a typical force constant of 48 N m −1 and apex radius of 75 nm was used during the oxidation and imaging processes of the grown oxide. AFM images were obtained in semi-contact mode at a resonance frequency of 360 kHz. The protrusion width of the oxide lines was obtained by measuring the full width at half maximum (FWHM).
Results and discussion
SPM based nano-oxidation lithography has been carried out by applying a continuous bias voltage on the surface of the sample while keeping the tip-surface spacing at a constant distance of ∼10 nm via the controlled feedback loop system. SC-SPL was chosen to obtain better control over oxide profiles in terms of oxide pattern uniformity and continuity [15, 16] . Figure 2 (a) shows a 3D AFM image of the oxide lines fabricated under the same applied voltage to investigate the role of voltage time during the oxidation process. It shows that uniform oxide features are created under a relative humidity of 64% and 24
• C substrate temperature. The oxide profile given in figure 2(b) reveals that there is a slight variation in thickness (around 1.5 nm) as a function of bias voltage duration between 1 and 210 ms. It is understood from this slight variation that most of the oxide formation takes place at the beginning of the process.
Several phenomenological models, such as the empirical power law [17, 18] , the logarithmic function of the applied voltage duration [19] and the inverse exponential growth (IEG) function [20, 21] using the potential distribution in the oxide layer. This study shows that SPL grown HfO x data were best fitted to the IEG model, which defines the oxide thickness with the following equations:
where h and t represent the oxide thickness and the pulse duration for the applied voltage, respectively. h m and h 0 are the initial constants while τ is the time constant from the curve fit. The best fit parameters for the IEG function were obtained as h m = 2.9 nm, h 0 = 1.2 nm and τ = 33.9 ms, as shown in figure 3 . The oxidation process is faster at the beginning (up to 33.9 ms), because there is only a water layer on the surface as a dielectric barrier. The oxidation rate reaches a plateau around h m = 2.9 nm due to HfO x growth underneath the tip. Since the molecular volume of the Hf oxide layer is larger than that of Hf itself, the expansion of oxide volume causes stress along the growth direction in a limited local space at the Hf/HfO x interface, thus pushing the HfO x layer upwards to form a protrusion. The higher oxide protrusion lowers the electric field between the tip and the surface, resulting in a decrease in the oxide growth rate due to an accumulation of dielectric material and ionic space charges trapped near the substrate/oxide interface [17, 18] . Figure 4 (a) shows the two-dimensional AFM surface topography after anodic nano-oxidation lithography, and figure 4(b) demonstrates the profile of the created oxide lines with respect to applied bias voltages up to 10 V at 75% relative humidity. It can be noted that the oxide patterns have uniform features and display a distinct dependence on the applied bias voltage. The threshold voltage initiating Hf oxide growth for permanent measurable oxide line protrusions is around 6V at room temperature and 75% relative humidity. The voltage dependence indicates that the electric field under the tip apex plays an important role in the local oxidation process. Higher bias voltages produce more ions and the kinetic energy of these ions is higher than that of ions produced under a lower electric field. The penetration depth of ions into the oxide layer depends on their energy. This means that more ions reach the HfO x /Hf interface under higher bias voltage. In this way, the oxidized region in the film increases with increasing bias voltage and thus a higher protrusion from the surface is observed. Figure 4(c) shows the plot of oxide thickness (h) versus applied voltage (V ) for oxides produced at 75% relative humidity and at the longest voltage duration (210 ms for this study). It is clearly seen from figure 4(c) that there is a linear increase for both the oxide thickness and the oxide protrusion width with respect to applied bias voltage. Similar linear relationships have already been reported for Si and some other metals by various groups [20, 22, 23] . The electric field between the conductive AFM tip and the Hf metal surface is directly related to the applied voltage and the dielectric constant of the protruding oxide. The electric field causes OH − ions to easily diffuse through the oxide to the Hf/HfO X interface. The increase in the amount of oxide layer also causes the oxide protrusion width to increase.
Relative humidity is another effective parameter being the source of water layer on the Hf film. To understand the influence of the relative humidity on HfO x thickness and width, SPL experiments were performed at humidities of 54%, 64%, 75% and 87%. Increasing humidity accelerates the oxide growth, as shown in figure 5(a) . Both the thickness and the width of the resulting oxide lines depend on the amount of relative humidity due to the existing water film ( figures 5(a) and (b) ). Extrapolating the data, it can be concluded that the oxidation process starts when the sample bias voltage values are higher than 4.4 V, 5.9 V, 6.6 V and 7.6 V for relative humidities of 87%, 75%, 64%, 54%, respectively. It is clearly seen that the threshold voltage for oxide formation decreases with increasing relative humidity (inset of figure 5(a) ). The threshold voltage, oxide thickness and protrusion width dependence on HfO x structures can be explained by taking account the number of water molecules between the tip and the sample surface. At low relative humidity there are not enough water molecules to provide the oxyanions for the oxidation reaction to proceed. Therefore, the threshold voltage starting the oxidation reaction will decrease with increasing relative humidity. During the oxidation process, the AFM feedback system was also activated to keep the distance between the tip and the surface constant; therefore, when the oxide layer starts to protrude, the AFM tip moves upwards in order to keep the distance constant. This makes the water bridge narrower, decreasing the number of ions, and the bridge will also be destroyed in a shorter time at low relative humidity. However, in the case of higher relative humidity, the number of created ions in the water bridge will increase and the water bridge will also exist for a longer time. The increase in relative humidity also result in a large contact area between the tip and the water, resulting in the formation of a larger bridge. Because the movement of ions is restricted by the boundary of water, ions can be spread across the surface to increase the protrusion width of oxide as a function of increasing relative humidity as shown in figure 5(c) .
To investigate the electrical characteristics of HfO x structures, an oxide pattern having a surface area of 1.42 µm × 1.26 µm and a thickness of 3.3 nm was formed on an Hf thin film which had been deposited on a thermally oxidized SiO x (∼336 nm) layer. The 3D surface topography and the thickness profile of this pattern can be seen in figures 6(a) and (b). To obtain the current voltage characteristics of the protrusion of HfO x and Hf film, the DLC coated conductive AFM tip was allowed to touch the HfO x or Hf surface in contact mode as shown in figure 6 (a) and two terminal electrical measurements were performed [24] . The distance between the conductive tip and the counter electrode was kept at 5 mm. From the I -V curves for the HfO x and the Hf films, resistances of 8 × 10 12 and 40 × 10 6 were obtained, respectively, within their linear regions ( figure 6(c) ). The corresponding resistivity of HfO x was calculated from ρ = RA/L, where R is the resistance of HfO x , A is cross-sectional area of the tip apex (with radius of 75 nm) and L (3.3 nm) is the thickness of the HfO x protrusion. The transverse resistivity of the HfO x layer was found to be 4.284×10 9 cm which is in agreement with the value reported for sputtered HfO 2 films in the literature [25] . When this result is compared with our previous study [24] , it can be understood that HfO x is more resistive than TaO x (resistivity of 5.76 × 10 8 cm), as created by the method of AFM local oxidation.
In addition to the I -V characteristics, our sample surface was characterized by different electrical methods available with SPM, such as electric force microscopy (EFM) and spreading surface resistance (SSR). Figures 7(a) and (b) show the 2D AFM topography and EFM images of a sample with an area of 1.412 µm × 1.275 µm and with a thickness of 3.162 nm. To obtain an EFM image, we used the second pass technique in semi-contact (tapping) mode. In this technique, the surface topography is determined during the first pass in semi-contact operation and then during the second pass, the tip is lifted above the initial position at a constant height (10 nm for our study) by applying a dc bias voltage (3 V or our study). Following the trajectory of the tip obtained during the first pass, we obtained the electric field gradient in the z-direction on the surface. In figure 7(b) , darker regions correspond to more electrically resistive regions while brighter regions correspond to more conductive regions. Figures 7(a) and (b) prove that an electrochemical surface modification has been obtained by oxidizing locally defined regions on the Hf surface. The topography of oxide protrusions, their corresponding 2D spreading surface resistance (SSR) image (in contact mode) and 1D SR profile are shown in figures 8(a)-(c), respectively. In the SR method, a bias voltage is applied to the conductive AFM tip (3 V for our study) and the current passes through the surface during scan, yielding information about the resistance of the surface. For figure 8(b) , areas of darker contrast represent areas of higher resistance on the surface. This means that the HfO x surface should be much more resistive than the Hf surface. A difference of 25 pA was found to exist between the surface of the Hf film and the protruded HfO x surface (figures 8(b) and (c)). In addition to the EFM image ( figure 7(b) ), the SR image of the surface also confirms that the surface of Hf was successfully oxidized.
Conclusion
In summary, oxidation kinetics were investigated for the line patterns of HfO x dielectric protrusions grown by tip-induced anodic electrochemical oxidation via SC-SPL. The thickness and width of the oxides increase with increasing bias voltage amplitude and duration. However, no oxide patterns were obtained for applied voltages of less than 4.4 V even at 87% relative humidity because for low voltages enough kinetic energy is not supplied to the oxyanions to create measurable protrusions on the Hf surface. It was also found that the relative humidity of the environment significantly affects the oxide growth kinetics. The thickness and width of the oxide patterns increase with the increasing relative humidity because of the fact that at high relative humidity there are many more water molecules to provide the oxyanions for the oxidation reaction to proceed. Electrical characterization was also performed on the Hf film and the HfO x structures directly obtaining I -V curves by means of the conductive AFM tip. Resistivity of the HfO x structure was found as 4.284 × 10 9 cm. It was found that the resistivity of HfO x is one order of magnitude higher than that of the TaO x created by the same method. EFM and spreading surface resistance measurements were also successfully performed by implying the resistive material formation on the surface. 
